ABSTRACT
. In this sense, P. tsukubaensis has been receiving special attention, since P. tsukubaensis synthesizes only MEL-B contrary to other Pseudozyma species that produce a mixture of different MEL homologues (Fukuoka et al. 2008 , Konishi et al. 2011 ).
The production of MEL in flask fermentation is relatively well-reported, whereas a few attempts have been made to produce MEL at bioreactor scale (Arutchelvi et al. 2008 ). In addition, MEL are mostly produced using hydrophobic carbon sources (e.g soybean oil). Thus, the production of MEL using water-soluble carbohydrates has not been investigated much (Morita 2009a , Morita et al. 2015a ). The use of watersoluble carbohydrates is advantageous since it will facilitate the purification process.
Moreover the production of MEL using a waste product as substrate such as, cassava wastewater has not been much investigated (Fai et al. 2015 ).
Cassava wastewater is the main residue of cassava starch industry which corresponds to approximately 30% (w.w -1 ). This waste has high nutrients content (74 g of total solids/L), that on fresh weight basis is composed of: protein 1%, lipids 0.2%, fermentable carbohydrates including glucose, fructose and saccharose 35%, starch 30%, fibers 1%, nitrogen 0.22%, phosphorus 0.03%, calcium 0.4%, sodium 0.002%, niacin 0.0006%, among others, which can be used in many biotechnological processes for example, to produce biosurfactants (Andrade, et al., 2016a-c) .
Regarding biosurfactant production costs, the purification process is the most interesting strategy for the purification of the biosurfactant surfactin: a two-step ultrafiltration (UF) process that led to both high recovery and purity of surfactin. This method takes advantage of the self-aggregation property of (bio)surfactants when at concentrations higher than their critical micellar concentration (CMC); thus this is also applicable to MEL. To the best of our knowledge, the application of UF for purification of MEL has not been investigated yet. Purification of MEL is typically carried out by As highlighted by Hubert et al. (2012) , much research has focused on reducing production costs of glycolipids that are synthesized by microorganisms. In the present work a novel bioprocess was developed which could result in a more cost effective process. The main novel aspects that were investigated were: (i) production of MEL at bench-top bioreactor using the most promising MEL (only MEL-B) producers-P.
tsukubaensis, and a low-cost substrate -an agro-industrial waste (cassava wastewater)
as culture medium, (ii) purification process based on UF (Fig. 3) . This study was carried out as an international collaboration between Brazil and United Kingdom. Thus, it should be noted that the freeze-drying step was only added to facilitate the shipment of material. Therefore, at industrial production scale, the freezedrying step would be unnecessary since MEL (foam) would be directly taken to the ultrafiltration process.
Material and methods

Chemicals
The chemicals used: acetonitrile (Synth ≈ 99.8%), bicinchoninic acid kit (Sigma- 
Culture medium
Cassava wastewater (variety IAC-13) was collected from a flour industry and transported to laboratory at room temperature. After that, the residue was boiled, 
Bioprocess parameters and sampling
Culture medium, cassava wastewater, was sterilized at 121 °C for 20 minutes. when the concentration was higher than 2 x 10 6 cells per mL serial dilution (NaCl 0.7%) was used.
Content of glucose
Content of glucose was analyzed by enzymatic/colorimetric technique (Laborlab). 
Measurements of surface activity
MEL recovery
Foam from the bioreactor was collected during its production at the top of the -isocratic chromatography -with 70% acetonitrile in 0.1% trifluoroacetic acid and 30%
HPLC-grade water in 0.1% trifluoroacetic acid. A 50 µL sample was injected in each run which lasted for 65 minutes (55 minutes with detector on and 10 minutes as column cleaning step). The eluent absorbance was monitored at 206 nm. The system was calibrated using MEL-B standard obtained from Toyobo-Japan. The area of the peaks eluting between 11, 16, 23 and 25 minutes, which were the same as those of the standard, were added to obtain the total MEL peak area. This value was used to determine the MEL concentration in the samples.
Kinetics of MEL production
Samples of lyophilized foam, which were taken at 12 h basis (only for the F-1)
were solubilized (≈ 700 mg.L -1 ) in tris buffer 10 mM pH 8.5 and analyzed by HPLC.
Protein concentration
The total amount of protein at different purification stages was determined by the bicinchoninic acid method (BCA). A calibration curve was produced using bovine serum albumin (BSA) as the protein standard solution (Isa et al. 2007 ).
Micelle size of MEL and its relation with the concentration
The nanoparticle size of all samples of ultrafiltration process was analyzed by dynamic light scattering (DLS), using a Zetasizer Nano ZS system (Malvern, UK). This system is able to detect particles ranging from 0.6 nm to 6 µm (Isa et al. 2007 ).
Centrifugal device of ultrafiltration
The separation was repeated twice using two brand new Vivaspin 20
(Sartoriuos) with PES -100 kDa, containing membrane of 6 cm 2 of active area.
Samples Equation (2) was applied to calculate the purity in the feed, retentate and permeate.
Top-bench ultrafiltration -scale up
Lab scale UF of the fermentation broth was performed with a magnetically stirred Labscale TFF system (Millipore) with PES 100 kDa (Pellicon® XL) of an effective filtration area of 50 cm 2 . The stirrer speed and pump speed were kept at 3.0 and 2.5, respectively. The feed pressure gauge and retentate pressure gauge were kept at between 10-30 psi and 10 psi, respectively.
The system was cleaned before and after the experiments and stored at The rejection of MEL or protein was determined by applying Eq. 1.
Molecular identification of MEL
Infrared spectroscopy
Infrared spectra were measured with an IRA-3 spectrophotometer (JASCO) (Kitamoto et al. 1990 ).
Gas chromatography coupled to mass spectrometry (GC-MS)
The fatty acids of the purified product were examined by gas chromatographymass spectrometry (GC-MS). The methyl ester derivatives of fatty acids were prepared by mixing the purified MEL-B (10 mg) with 5% HCl-MeOH reagent ( 
MALDI-TOF mass spectrometry (MALDI-TOFMS)
Solutions of purified biosurfactant were analyzed using the dried-droplet sample preparation technique directly spotting 1 µL of samples directly onto a polished steel MALDI Target, model MTP 384 (Bruker Daltonics, Germany). After drying the sample, 1 µL of matrix solution (alpha-hydroxycinnaminic acid saturated solution in acetonitrile-methanol-water, 1:1:1) was added and allowed to air dry at room temperature.
MALDI-TOFMS spectra were performed using an UltrafleXtreme MALDI-TOF mass spectrometer (Bruker Daltonics, Germany) operating in the refraction mode at an accelerating voltage of 22.5 kV. Mass spectra were acquired in m/z range of 700-3500
with ions generated from Smartbeam TM laser irradiation using a frequency of 2000 Hz, a lens 7 kV and the delay time was 110 ns. Matrix-suppression was set to 500 Da, and the mass spectra were generated by averaging 1,500 laser shots. The laser intensity was set just above the threshold for ion production. 
Results and discussion
Determination of MEL concentration
MEL have 4 homologues -A, -B, -C and -D (Fig. 2) . MEL have two fatty acids in their chemical structure (Fig. 1b) , these fatty acids vary from C8 to C14 ≈ 86.6% (Figures 1-2) .
In other words, the type of fatty acids does not affect the classification of MEL homologues (Hubert et al. 2012 ).
To the best of our knowledge, only normal phase -silica column (Sajna et al. 
Bioreactor bioprocess
The cell growth and biosurfactant production over the fermentation period are shown in Figure 4 . The biosurfactant production here was monitored in terms of surface tension (ST) measurements.. *Error bars were deliberately hidden Thus, the obtained values are characteristic of MEL and follow the same trend as the ST - (Fig. 4) . It is worth noting that, the foam may be composed, mostly, by MEL and proteins. The latter are also surface active and will contribute to the reduction of surface tension although their concentration in the medium should not change as much as that of the biosurfactant.
Therefore, cassava wastewater was a good culture medium for biosurfactants production from P. tsukunbaensis. The ST values of both culture medium and collapsed foam provided strong evidence that the foam was composed by MEL and this was further confirmed by other analysis (NMR, HPLC, CG-MS).
Production of MEL -kinetics and yield
In this study, the MEL recovered in the foam, after lyofilization (14.01 g), had a purity of 27% (w.w -1 ), which means that 1.26 g of MEL per liter of culture medium were produced.
The analyses of MEL production by HPLC, followed the same trend than surface activity measurements and volume of foam recovered, that is, the higher the biosurfactant production, the higher the volume of foam. The purity levels were higher at the beginning of fermentation: 24 h -38% (256 mL of foam), 36 h -45% (258 mL) and 48 h -51% (283 mL). Then it decreased, 60 h -33% (161 mL), 72 h -27% (73 mL) and 84 h -25% (40 mL). Thus, confronting these data with cell counting, the biosurfactant production occurred mostly during the exponential phase.
To the best of our knowledge, Morita et al. 
and P. graminicola (10 g.L -1 ).
Purification of MEL by ultrafiltration process
Purity of MEL -lyophilized foam
The foam collected from each fermentation process (F-2, F-3 and F-4) ), after centrifugation (to remove biomass) and lyophilization (powder) showed a purity (HPLC) of approximately 30% (w/w). The main impurity was proteins (see ultrafiltration process), which most likely came from cassava wastewater and also from the P. tsukubaensis itself. In addition, the purity of lyophilized foam in terms of protein (PP) was 0.34 (Table 1) .
Small scale ultrafiltration
The feed solutions prepared with the lyophilized foam of F-2 (two samples)
showed a unimodal distribution: d=1220 nm at 610.74 mg.L -1 of MEL (experiment 1) and d=1754 nm at 502.71 mg.L -1 of MEL (experiment 2). These particles correspond to micelles of MEL that were mostly (80%) retained during the ultrafiltration . Additionally, more than 95% of proteins were found in the permeate (Table 1) . These results indicated the remarkable purification process with a high MWCO membrane (100 kDa PES) which resulted in high flux and minimized fouling. Moreover, MEL was purified from low molecular weight compounds and proteins only in one step of ultrafiltration as opposed to two steps as in the purification of surfactin (Isa et al. 2007 ).
The difference between the ultrafiltration of MEL and surfactin, is due to MEL aggregating into bigger micelles than surfactin; also, MEL is a nonionic biosurfactant whereas surfactin is an anionic biosurfactant, thus surfactin may interact by electrostatic interactions with proteins making the purification process harder.
Therefore, due to these noteworthy outcomes the process was scaled up to 500 mL (250 mL working volume).
Bench-top ultrafiltration -scale up
The ultrafiltration at bench-top scale took 45 minutes and reduced the initial volume of feed (250 mL) to 25 mL running it in recirculation mode. During the first 25 minutes, the flux significantly decreased from 90 to 55 L.m -2 .h -1 . Then, in the last 20 minutes, the flux reduced from 55 to 45 L.m -2 .h -1 (Fig. 6 ). Therefore, in agreement with the small scale ultrafiltration process, the selfaggregation properties of MEL enable its purification by membrane filtration in one step. The final product resulted in a highly concentrated solution of MEL (25 mL ≈ 860 mg.L -1 ) at high purity. This is summarized in Table 1 . in both experiments a three fold increase in purity was achieved. Overall, in the entire process, production plus purification, ≈ 215 mg of purified MEL were produced.
Chemical identification of purified MEL -Fatty acid profile, MALDI-TOFMS, NMR and Infrared.
The CG-MS analysis showed the presence of C8:0; C10:0; C12:1; C12:0; C14:1 and C18:1, in which C8:0, C12:1 and C14:1 were the main peaks (Fig. 8) , which is relatively similar to that described by Sajna et al. (2013) In this sense, CG-MS, infra-red, NMR and MALDI-TOFMS analysis were combined in order to confirm the chemical structure of the purified MELB (retainedafter ultrafiltration).
P. tsukubaensis produced many variants of MEL, in which the peaks with highest intensity were 683.41 and 657.42 m/z (Fig. 9) . The same peaks were reported by Table 2 , whereas the 13 C NMR data are in Table 3 . Hz) and the second one at 4.46 ppm (J=12.41 and 2.54 Hz) were observed which were assigned to diastereotopic protons H-6a and H-6b. Moreover, a singlet with integral for three hydrogens was observed at 2.14 ppm and was assigned as the methyl bonded to acetyl group.
The triplets (6.03 Hz) at 0.88 ppm and with integral value to six hydrogens were assigned to two methyl-end carbon chain lipids. These results strongly indicate the presence of two acyl groups of fatty acids and an acetyl group. The coupling constants and the correlations observed in the COSY corroborated the correct assignments of the protons and the stereochemistry of the chiral centers.
A shift of C-1 of the D-mannose unit to 99.10 ppm indicates that the Oglycosidic bond was between C-1 of D-mannose to meso-erythritol unit, which was confirmed by the HMBC correlations (Tables 2 and 3 ). On the 13 C NMR spectrum, three peaks derived from carbonyl groups were assigned at 171.64, 173.59 and 173.40 ppm (Table 3 ). HMBC analysis showed that each of these carbonyl carbons was correlated with one of the protons of D-mannose: H-6, H-2, and H-3, respectively.
Moreover, the methyl protons at 2.14 ppm showed correlation to carbonyl carbon at 171.64 ppm.
Therefore, the NMR spectra analysis confirmed that the purified sample had the structure of MEL-B, where R1 (C-2) and R2 (C-3) are acyl groups, R3 is a hydroxyl group and R4 is an acetyl group (Fig. 10) . It was also observed a minority second stereoisomer, between 8 to 10% by 1 H-NMR spectrum (Fig. 11 ).
R1 and R2= Fatty acids; R3= H; R4= -C(O)CH3 and R2 are fatty acids, R3 is hydroxyl and R4 is acetyl group. 
Conclusion and perspective
Cassava wastewater is a feasible alternative culture medium to the production of MEL-B from P. tsukubaensis as productivities comparable to those obtained with other water-soluble C sources were obtained. Thus, the main advantages of this bioprocess are the use of a very low cost substrate and the water-solubility of cassava wastewater 
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